We tested the hypotheses that thermoregulatory behavior is initiated before changes in blood pressure and that skin blood flow upon the initiation of behavior is reflex mediated. Ten healthy young subjects moved between 40 C and 17 C rooms when they felt 'too warm' (W!C) or 'too cool' (C!W). Blood pressure, cardiac output, skin and rectal temperatures were measured. Changes in skin blood flow between locations were not different at 2 forearm locations. One was clamped at 34 C ensuring responses were reflex controlled. The temperature of the other was not clamped ensuring responses were potentially local and/or reflex controlled. Relative to pre-test Baseline, skin temperature was not different at C!W (33.5 § 0.7 C, P D 0.24), but was higher at W!C (36.1 § 0.5 C, P < 0.01). Rectal temperature was different from Baseline at C!W (¡0.2 § 0
Introduction
Over the next 50 years the frequency and severity of heat waves is very likely to increase, while periodic cold spells will persist. 1 Epidemiological and etiological data indicate that cardiovascular health is particularly susceptible to heat and cold. 2 Heat or cold exposure induces a hypo-or hyper-tensive challenge that is stimulated by changes in vascular resistance, which are driven by increases or decreases in skin and/or internal temperatures. 3 The corresponding increases in cardiac afterload in the cold and increases in cardiac output in the heat can acutely increase cardiovascular risk, 4 particularly in populations with an already compromised cardiovascular system (e.g., older adults, hypertensive and heart failure patients, etc.). 5, 6 Given that this increased cardiovascular risk occurs secondary to changes in body temperature, there is a need to understand interactions between temperature regulation and cardiovascular responses.
Body temperature is regulated via a combination of autonomic (e.g., sweating, shivering) and behavioral (e.g., adding/removing clothing) responses. 7 Behavior plays a comparatively larger role in human temperature regulation, 8 which is likely due to behavior being the most efficient and effective thermoregulatory response. 9 When given the opportunity to behave, thermal behavior is elicited primarily by changes in skin temperature. [10] [11] [12] This arrangement prevents changes in internal temperature 11, 12 and minimizes the reliance upon sweating or shivering to regulate body temperatures. 11, 13 Thus, thermal behavior prevents large changes in body temperature, which may avert subsequent changes in blood pressure. However, this has yet to be experimentally determined.
Estimates of skin blood flow indicate that the initiation of thermal behavior is accompanied by cutaneous vasoconstriction in the cold and vasodilation in the heat. 11 Notably, skin blood flow within a range of thermoneutral skin temperatures (33) (34) (35) C) is under reflex control.
14 However, it currently remains unknown whether the skin blood flow responses leading up to and upon the initiation of thermal behavior are reflex mediated and/or whether local changes in skin temperature also play a role. Given the contribution of skin blood flow to blood pressure regulation, 15 such knowledge may provide insights regarding understanding interactions between blood pressure regulation and thermal behavior.
The purpose of this study was to test 2 hypotheses: i) Thermoregulatory behavior is initiated prior to thermal induced changes in blood pressure, and ii) skin blood flow responses leading up to and upon the decision to initiate thermoregulatory behavior are reflex mediated.
Methods

Subjects
Ten healthy young subjects participated in this study. The subject characteristics are presented in Table 1 . All subjects were physically active, normotensive, non-smokers, not taking medications, and were free from any known cardiovascular, metabolic, neurological, or psychological diseases. The female subjects were not pregnant, which was confirmed via a urine pregnancy test. Each subject was fully informed of the experimental procedures and possible risks before giving informed, written consent. The study was approved by the Institutional Review Board at the University at Buffalo, and performed in accordance with the standards set by the latest revision of the Declaration of Helsinki. Subjects visited the laboratory on 2 occasions. Visit one was a screening and familiarization visit, while visit 2 was the experimental trial.
Instrumentation, measurements, and calculations
Height and weight were measured with a stadiometer and scale (Sartorius Corp. Bohemia, NY, USA), and body surface area was calculated accordingly. 16 Seven site skinfold thickness was measured in triplicate at the chest, axilla, triceps, subscapula, abdomen, suprailliac, and thigh (Harpenden, Baty International, UK). Percent body fat was estimated from body density, 17 which was calculated from the sum of 7 skinfolds for males 18 and females. 19 Urine specific gravity was measured in duplicate using a refractometer (Atago USA, Inc., Bellevue, WA, USA).
Rectal temperature was measured at a depth of 10 cm past the anal sphincter using a general purpose thermocouple (Mon-a-therm, Mallinckrodt Medical, Inc., St. Louis, MO, USA). Mean skin temperature was measured as the weighted average of 6 thermocouples (Omega Engineering, Inc. Stamford, CT, USA) attached to the following locations: abdomen (14%), calf (11%), chest (22%), lower back (19%), thigh (14%), and upper back (19%). 20 Heart rate was measured continually from a 3 lead electrocardiogram (DA100C, Biopac Systems, Inc. Goleta, CA, USA). Beat-to-beat blood pressure was measured continually via the Penaz method (Finometer Pro, FMS, Amsterdam, The Netherlands). Prior to data collection, Finometer derived blood pressure data were confirmed via a manual blood pressure taken during the screening by an experienced member of the research team. Finometer derived blood pressure waveforms were maintained throughout all experimental testing. Stroke volume was estimated from the blood pressure waveform using Modelflow. 21 Cardiac output was calculated as the product of stroke volume and heart rate, while total peripheral resistance was calculated as the quotient of cardiac output and mean arterial pressure. Stroke work (stroke volume x mean arterial pressure), rate pressure product (systolic pressure x heart rate), and cardiac power output [mean arterial pressure x cardiac output x (2.22 £ 10 69 were calculated as indices of left ventricular work, 22 myocardial oxygen demand, 23 and left ventricular power. 24 Skin blood flow was measured via integrated laser Doppler flowmetry (Periflux System 5010, Perimed, Stockholm, Sweden) at 3 locations. Two of these locations were on the dorsal surface of the left forearm, while the other was on the pad of the fingertip on the index finger of the left hand. At one of the forearm locations, the laser Doppler probe was inserted into a local heating device (Periflux System 5020, Perimed, Stockholm, Sweden), the temperature of which was clamped at 34 C throughout the protocol. This ensured that at this location any changes in skin blood flow were reflex mediated.
14 At the other location, the laser Doppler probe was inserted into a thin plastic holder and the local temperature was allowed to drift with changes in skin temperature. Changes in skin blood flow at this location were potentially mediated by both reflex and local mechanisms.
14 Given that only cutaneous vasoconstrictor nerves innervate glabrous skin, 25 the skin blood flow measured on the fingertip provided an index of reflex cutaneous vasoconstrictor activity. At all locations, the accuracy of the skin blood flow measurement was ensured based upon the observation of a clear pulsatile signal that coincided with the pulse wave. Forearm skin temperature was measured with a thermocouple (Omega Engineering, Inc. Stamford, CT, USA) secured next to the plastic holder at the non-thermally controlled skin blood flow location, providing an index of local skin temperature at this location. Temperature on the pad of the fingertip of the ring finger was also measured, with the temperature gradient between the forearm and fingertip providing an indirect estimate of skin blood flow. 26, 27 Affect (11 point scale: ¡5 D feeling bad, C5 D feeling good), 28 thermal sensation (7 point scale: 1Dcold, 4 D neutral, 7Dhot), 29 thermal discomfort (4 point scale: 1 D comfortable, 4 D very uncomfortable), 29 and perceptions of sweating and shivering (11 point scale: 0Dnone, 10 most ever) [adapted from 11 ] were measured on standard subjective scales upon the initiation of thermoregulatory behavior.
Experimental protocol
Subjects arrived at the laboratory euhydrated, confirmed via urine specific gravity (1.007 § 0.004), and having refrained from strenuous exercise, alcohol and caffeine for 12 h, and food for 2 h. To control for menstrual cycle hormones, females were tested during the first 10 days following self-identified menstruation. 30 Experimental testing was conducted during the summer months in Buffalo, NY, USA. This climate induces minimal autonomic heat acclimatization. 31 Time of day was not controlled. Subjects wore a cotton t-shirt, athletic shorts, and light sandals (i.e., flip-flops).
Following instrumentation, subjects rested quietly, seated on a mesh chair in a 23 § 1 C (58 § 8% relative humidity) environment for 20 min. Following this period the 90 min thermal behavior assessment commenced when the temperature of the room in which subjects were seated decreased to 17 § 1 C (49 § 3% relative humidity, Fig. 1 ). At any time during room cooling, and throughout the thermal behavior assessment, subjects could move between the cool room to the adjacent warm room, which was maintained at 40 § 0 C (20 § 0% relative humidity, Fig. 1 ). The decision to behaviorally thermoregulate was defined as the decision to move from cool to warm (C!W) or from warm to cool (W!C). 11, 12 Subjects passively moved between the 2 rooms by pressing a button on a remote control Figure 1 . Temperature dynamics of the cool and warm rooms. Baseline measurements were taken from 0-20 min in the cool room, which was maintained at 23 § 1 C (58 § 8% relative humidity) during this time period. After the Baseline period, the cool room was set to 17 § 1 C (49 § 3% relative humidity) and the 90 min behavioral assessment commenced (indicated by a dashed line) in the midst of this progressive room cooling. The warm room was maintained at 40 § 0 C (20 § 0% relative humidity) throughout. Mean § SD, n D 10. (Fig. 2) . This shuttled them between the 2 rooms without exertion and allowed for continual data collection. The amount of time spent in each environment prior to behaving was recorded. Subjects read literature of their choice and maintained the same seated posture throughout the assessment. During the baseline period, subjects were read an instructional script that reviewed the experimental procedures and instructed them to exit the warm room when they became 'too warm' and exit the cool room when they became 'too cool'. 11, 12 This 'shuttle box' thermal behavioral model provides a reliable index of thermoregulatory behavior in humans, 12 and is considered better than other models [e.g., thermal gradient, self-paced exercise 32 ] because it allows for the determination of the exact moment at which a decision to behaviorally thermoregulate is made. 33 
Data and statistical analyses
Thermal and hemodynamic data were sampled continuously at 100 Hz via a data acquisition system (Biopac MP150, Goleta, CA, USA). These data were analyzed at Baseline, which was a 60 s average at the end of the 20 min pre-protocol resting period, and 90 s, 60 s, and 30 s immediately prior to C!W and W!C (all 30 s averages). Each subject behaved a different number of times during the thermal behavior protocol, and thus, data were averaged across behaviors for a given subject, as we have done previously. 11, 12 Skin blood flow data are reported as absolute values and were also normalized to mean arterial pressure, providing an index of cutaneous vascular conductance (CVC). Skin blood flow data are also reported as the absolute change from Baseline, which allowed for comparison between the responses at the 2 forearm skin blood flow locations. Given the differences in Baseline between these locations, absolute changes in skin blood flow were considered the more physiologically meaningful approach to normalizing the skin blood flow data when compared to percent changes. Perceptual data were collected at Baseline, and upon C!W and W!C. To examine any effects of time, data collected during the first and final behaviors at C!W and W!C were also analyzed.
Thermal, hemodynamic, and the change over time data were analyzed using 2-way repeated measures ANOVA [behavior £ time, 2 (C!W, W!C) £ 4 (Baseline, 90 s, 60 s, 30 s)]. Perceptual data were analyzed using one-way repeated measures ANOVA (3 levels: Baseline, C!W, W!C). Data were assessed for approximation to a normal distribution and sphericity, and no corrections were necessary. Where appropriate, post hoc Sidak adjusted pair-wise comparisons were made. Data were analyzed using Prism software (Version 6, GraphPad Software Inc. La Jolla, CA, USA). A priori statistical significance was set at P 0.05 and actual p-values are reported where possible. All data are reported as mean § SD.
Results
Subjects moved from C!W 5 § 1 times and from W!C 4 § 1 times. Time prior to C!W (9.1 § 3.5 min) was shorter than W!C (14.5 § 4.5 min, P < 0.01).
Thermal responses
Rectal temperature upon C!W and W!C was 0.2 § 0.2 C lower than at Baseline (P < 0.01, Fig. 3 ). Rectal temperature was 0.1 § 0.0 C higher at C!W compared to W!C (P < 0.01, Fig. 3 ). Mean skin temperature at C!W was not different from Baseline (P D 0.24), but was 2.8 § 0.6 C higher than Baseline at W!C (P < 0.01), which was also different from C!W (P < 0.01, Fig. 3 ). Forearm skin temperature followed a similar profile to mean skin temperature, while fingertip temperature was lower than Baseline at C!W (P < 0.01) and higher than Baseline at W!C (P < 0.01, Table 2 ).
Cardiovascular responses
Mean arterial pressure at C!W was greater than Baseline by 7 § 4 mmHg (Systolic: C8 § 8 mmHg, Diastolic: C4 § 3 mmHg, P < 0.01) and was lower than Baseline at W!C by 5 § 5 mmHg (Systolic: ¡11 § 5 mmHg, Diastolic: ¡4 § 5 mmHg, P < 0.01, Fig. 4 ). Cardiac output was 0.5 § 0.5 L/min lower at C!W compared to W!C (P < 0.01, Fig. 5 ). Stroke volume was not different between Baseline, C!W, and W!C (P D 0.39). Heart rate was lower at C!W compared to W!C (by 8 § 4 bpm, P < 0.01) and both were different from Baseline (P < 0.01, Fig. 4 ). Total peripheral resistance was higher at C!W compared to W!C (by 4.3 § 2 mmHg/L/min, P < 0.01) and both were different from Baseline (P < 0.01, Fig. 5 ). Stroke work was higher at C!W compared to W!C (by 1035 § 767 mL/beat £ mmHg, P < 0.01) and both were different from Baseline (P 0.05, Fig. 6 ), but rate pressure product and cardiac power output were not different between Baseline, C!W, and W!C (P D 0.13, Fig. 6 ). Mean § SD, CVC: Cutaneous vascular conductance, C!W: the decision to move from cool to warm, W!C: the decision to move from warm to cool Ã Different from W!C (P < 0.01) B Different from Baseline (P 0.02).
Skin blood flow responses
At the fingertip and thermally clamped locations, skin blood flow and CVC were lower than Baseline at C!W (P 0.02) and were greater than Baseline at W!C (P < 0.01, Table 2 ). At the not clamped location, skin blood flow and CVC were not different from Baseline at C!W (P 0.79), but were higher than Baseline at W!C (P < 0.01, Table 2 ). The forearm to fingertip temperature gradient was lower than Baseline at C!W (P < 0.01) and not different from Baseline at W!C (P 0.29, Table 2 ). Skin blood flow was higher at Baseline at the thermally clamped location compared to the not clamped location, which was maintained leading up to and upon C!W and W!C (P < 0.01, Fig. 7 ). The differences between locations were due to a Baseline shift, presumably due to the removal of locally mediated cutaneous vasoconstrictor tone, as the change from Baseline skin blood flow responses were not different between the thermally clamped and not clamped locations at either C!W (P 0.35) or W!C (P 0.26, Fig. 7) . Given that the perfusion pressure was the same between the 2 locations, CVC responses were the same as the skin blood flow responses (CVC data not shown).
Perceptual responses
Affect was not different between C!W (C1.6 § 1.9 a.u.) and W!C (C1.6 § 1.8 a.u., P D 0.73), both of which were also not different from Baseline (C3.2 § 1.9 a.u., P 0.08). Subjects felt cooler at C!W (2.5 § 0.4 a.u.) and warmer at W!C (5.5 § 0.5 a.u., P < 0.01), and both were different from Baseline (3.8 § 0.4 a.u., P < 0.01). Subjects felt thermally comfortable at Baseline (1.1 § 0.2 a.u.), but slightly uncomfortable at both C!W (1.9 § 0.3 a.u., P < 0.01) and W!C (1.9 § 0.5 a.u., P < 0.01), which were not different (P D 0.87). At C!W, subjects perceived to be slightly shivering (1.7 § 0.2 a.u.) and at W!C they perceived to be slightly sweating (0.8 § 0.6 a. u.), while perceptions of both sweating and shivering were absent at Baseline (both 0.0 § 0.0 a.u., P < 0.01). The magnitude of sweating and shivering perception at C!W and W!C were not different (P D 0.15).
First vs. final behavior
The time before initiating thermal behavior was not different between the first and final behavior at C!W and W!C (P 0.86, Table 3 ). Rectal temperature was lower upon the final behavior at C!W and W!C compared to Baseline (P < 0.01) and the first behavior (P 0.03). Upon the final behavior rectal temperature was not different between C!W and W!C (P D 0.99, Table 3 ). Upon the first behavior, mean skin temperature was lower than Baseline at C!W (by 0.6 § 0.4 C, P D 0.03) and higher than Baseline at W!C (by 2.2 § 0.9 C, P < 0.01), while upon the final behavior mean skin temperature was warmer than Baseline at both C!W (by 0.6 § 0.8 C, P D 0.02) and W!C (by 3.2 § 0.8 C, P < 0.01, Table 3 ). Mean skin temperature upon the final behavior was also warmer than the first behavior at both C!W (by 1.3 § 0.8 C, P < 0.01) and W!C (by 1.0 § 1.0 C, P < 0.01, Table 3 ). Forearm temperature followed mean skin temperature profile, while fingertip temperature was lower than Baseline at C!W and higher than Baseline at W!C (P < 0.01), and were not different between the first and final behavior (P 0.06). The forearm to finger temperature gradient was higher upon the first behavior compared to W!C (P D 0.02). With the exception of affect at C!W (P D 0.02), there were no differences between the first and final behaviors (P 0.08, Table 3 ) for all cardiovascular, skin blood flow, and perceptual measures.
Discussion
The present study demonstrates that, despite modest differences in body temperature (Fig. 3) , the initiation of thermoregulatory behavior coincides with reductions in blood pressure at W!C and increases in blood pressure at C!W (Fig. 4) . The present study has also identified that cutaneous vasoconstriction and vasodilation leading up to and upon C!W and W!C (Table 2 ) are largely reflex mediated (Fig. 7) . These data uniquely demonstrate the cardiovascular and cutaneous vascular adjustments that occur upon the initiation of thermoregulatory behavior in young healthy adults.
Cardiovascular responses
It is well established that heat and cold present hypoand hyper-tensive challenges that occur secondary to reductions or increases in vascular resistance, which promote heat loss or conservation. 3 In young healthy adults exposed to heat and subsequent increases in skin and/or internal temperature, blood pressure is typically well maintained owing to appropriate increases in cardiac output that are mediated by elevations in heart rate and the maintenance of stroke volume. 34 It is typically only after relatively large increases in internal temperature (C1.0-1.5 C) that hypotension is observed. 35, 36 Given that rectal temperature was lower and mean skin temperature was moderately higher than Baseline (Fig. 3) , reductions in blood pressure leading up to and upon W!C were unexpected. The observed reductions in blood pressure at W!C (Fig. 3) were likely the result of decreases in total peripheral resistance that were not completely offset by increases in cardiac output (Fig. 5) . Importantly, the moderate increases in heart rate and cardiac output leading up to and upon W!C (Fig. 5) did not alter indices of stroke work, rate pressure product, or cardiac power output (Fig. 6) . The mechanism for the hypotensive response at W!C is not inherently clear from the present study. For instance, it could be that the observed hypotension at W!C was a byproduct of the shuttle box methodology. A dynamic change in skin temperature, as would occur when moving from the cool to the warm room, could result in a greater reduction in vascular resistance compared to more gradual increases in skin temperature due to the initial hyper-responsiveness of thermoreceptors during dynamic temperature changes. 37 Notably however, during the 90 s immediately leading up to W!C skin temperatures were stable (Fig. 3) . This suggests that the hypotension at W!C was not an artifact of the shuttle box experimental paradigm and corresponding dynamic changes in skin temperature. Rather, the hypotensive response at W!C is likely due to the temporal cardiovascular changes induced by acute heat exposure. For instance, increases in skin temperature, independent of a rise in internal temperature, have been shown to induce a transient hypotension (by~5 mmHg) that is largely abolished as internal temperature begins to rise and cardiac output increases. 38, 39 This is likely due to the activation of baroreflex mechanisms. 40 Our data corroborate these findings such that cardiac output was greater than Baseline immediately prior to W!C (Fig. 5) , suggesting that the hypotension would have been reversed had the heat exposure been sustained. These findings highlight the importance of understanding the mechanisms of continuous cardiovascular adjustments during thermal transients, particularly as these situations are regularly encountered in many real world situations.
Reducing mean skin temperature without changing internal temperature is well known to elicit mild hypertension in young healthy adults. [41] [42] [43] This pressor response is largely due to increases in vascular resistance, as cardiac output does not change under such circumstances. 41, 44 In the present study, skin temperatures at C!W were 33.5 § 0.7 C (Fig. 3) , temperatures that are well above the 29-31 C skin temperatures that are known to elicit cold induced pressor responses. [41] [42] [43] Thus, the observation that blood pressure was elevated leading up to and upon C!W (Fig. 4) was unexpected. It is likely that the hypertensive responses at C!W were due to increases in total peripheral resistance that were not accompanied by reductions in cardiac output (Fig. 5) . Notably, the modest pressor response at C!W increased the amount of work completed by the left ventricle on a per beat basis (i.e., stroke work, Fig. 5 ). This observation is presumably due to cold induced increases in cardiac afterload. 44 However, rate pressure product and cardiac power output, per minute indices of myocardial oxygen demand and left ventricular power, were unaffected at C!W (Fig. 6 ). This observation is likely due to the cold induced decreases in heart rate (Fig. 5) . Thus, cardiovascular strain per unit time leading up to and upon C!W was minimal despite moderate increases in blood pressure.
The reason for the hypertensive response at C!W, despite modestly cool skin temperatures, is not inherently clear, but may be explained by a combination of 4 factors. First, rectal temperatures were lower at C!W compared to Baseline, which may have promoted further increases in vascular resistance for a given skin temperature. Second, the lower temperature of the extremities at C!W compared to Baseline, independent of mean skin temperature, may have been a sufficient hypertensive stimulus. Third, as alluded to above, the shuttle box methodology may have exaggerated blood pressure responses when moving from the warm into the cool room owing to thermoreceptor characteristics during dynamic temperature changes. 37 Notably however, during the 90 s leading up to C!W skin temperatures were stable (Fig. 3) , suggesting that such effect was minimal. Fourth, this study was conducted in the summer months, and despite that heat acclimatization is minimal during the summer months in a humid continental climate, 31 our subjects may have exhibited heightened autonomic sensitivity (i.e., increases in vascular resistance) to cool temperatures in the warmer months. 45 This is supported by data, which were collected during spring months, that indicate that thermal behavior in the cold was initiated when skin temperatures were much cooler (~29 C). 11, 12 It should be noted however, that this comparison should be approached cautiously as: i) the cool temperatures utilized in the shuttle box methodology in these studies were more extreme than those used in the present study, 11, 12 and ii) thermal preference is not different between the summer and winter months in healthy young adults. 46 Thus, further research is required to elucidate the mechanisms by which modest cold induces moderate hypertension during thermal transients.
Skin blood flow responses
The present study confirms previous indirect evidence 11 that the initiation of thermoregulatory behavior is accompanied by cutaneous vasoconstriction and vasodilation leading up to and upon C!W and W!C (Table 2) . By comparing skin blood flow responses at a forearm location clamped at 34 C to that in which local temperature was allowed to naturally change, the present study also demonstrates that skin blood flow leading up to and upon C!W and W!C is mostly under reflex control with minimal influence of control mechanisms associated with local changes in skin temperature (Fig. 7) . Such findings were expected given previous data indicating that skin blood flow at skin temperatures between [33] [34] [35] C is largely under reflex control.
14 Independent of changes in internal temperature, moderately cool skin temperatures elicit cutaneous vasoconstriction that is mediated via increases in sympathetic cutaneous vasoconstrictor tone, 47 and moderately warm skin temperatures elicit cutaneous vasodilation via the withdrawal of cutaneous vasoconstrictor tone and an increase in sympathetic vasodilator activity. 48 Based on the skin blood flow and CVC responses at the finger, a region innervated by only cutaneous vasoconstrictor nerves, 25 it is likely that cutaneous vasoconstrictor activity was increased at C!W and decreased W!C (Table 2) . Unfortunately, the present study is unable to discern the relative contribution of cutaneous vasodilator activity. Previous data would suggest that the skin blood flow responses leading up to and upon W!C are due to both cutaneous vasoconstrictor withdrawal and an increase in vasodilator activity, 48 but this remains to be experimentally determined leading up to and upon the initiation of thermal behavior. C (Clamped @ 34 C) and a forearm location that was not clamped (Not Clamped). Mean § SD, n D 10. B Different from Baseline (P < 0.01), y Different from Not Clamped (P < 0.01). For the absolute change data there were no differences between locations (P 0.26) or over time (P > 0.05).
First vs. final behavior
To obtain Baseline data, the thermal behavior assessment commenced during room cooling (Fig. 1) . This necessity encouraged analysis of any changes that may be occurring over time. Thus, data collected upon the first and final behavior at C!W and W!C were compared. Interestingly, throughout the shuttle box paradigm rectal temperature fell and the skin temperatures upon which behavior was initiated increased (Table 3) . Although novel given that previous studies utilizing this methodology did not conduct such an analysis, 11,12 these findings were not unlikely given the influence of posture on rectal temperature. 49, 50 Whether these progressive reductions in rectal temperature meaningfully influence thermal behavior remains uncertain. However, given that the mean skin temperatures upon which behavior was initiated were higher upon the final behavior (Table 3) , suggests an effect is likely.
That thermal behavior was initiated despite differences in mean skin and rectal temperature between the first and final behavior seemingly supports previous studies that suggested thermoregulatory behavior is not mediated by threshold changes in body temperature. 12, 33 However, given that fingertip temperatures were not different between the first and final behavior at both C!W and W!C, these data highlight the potential role of extremity temperature in modulating thermal behavior (Table 3 ). This is supported by the findings that thermal discomfort, thermal sensation, and perceptions of shivering and sweating were not different upon C!W and W!C between the first and final behaviors ( Table 3 ). The temperature of the extremities strongly influences thermal perception in the cold. 51, 52 The present data indicate that these changes in thermal perception are translated to initiate thermal behavior even when mean skin temperatures are only modestly cool (Table 3) . These findings support data indicating that thermal perception ultimately drives thermoregulatory behavior. 53 A role for the temperature of the extremities as a mediator of thermal perception in the heat appears unlikely, as the temperatures of the face and neck have a stronger influence on thermal perception. 54, 55 Thus, because fingertip temperatures were not different between the first and final behavior is likely a function of the withdrawal of cutaneous vasoconstrictor tone that, based on the fingertip skin blood flow data, occurred similarly upon the first and final behavior (Table 3) .
Unfortunately, we did not measure the temperature of the face and neck, so we cannot speculate regarding the potential role of these locations in the initiation of thermal behavior. However, such an influence appears likely.
11 Surprisingly, despite differences in mean skin and rectal temperature, the cardiovascular and skin blood flow responses at C!W and W!C were not different between the first and final behaviors (Table 3) . Such findings might suggest a potential role of the temperature of the extremities in modulating cardiovascular and skin blood flow responses or that thermal/cardiovascular efferent signals play a role in the decision to behaviorally thermoregulate. However, any relationships are unknown.
Considerations
There are a number of methodological considerations that warrant attention. First, Modelflow underestimates stroke volume during whole-body passive heat stress sufficient to raise internal temperature~1. 2 C 56 . Thus, our estimates of stroke volume may be inaccurate. However, the use of Modelflow in the present study was deemed acceptable for 2 reasons: i) To our knowledge there are no other methods that can provide an online measure of stroke volume, and ii) It is unlikely that moderate changes in skin temperature modify aortic impedance and compliance. These factors are inherent to the Modelflow estimate of stroke volume and have been proposed as the reason why Modelflow is inaccurate during passive heat stress. 56 Second, given that rectal temperature is slow to change to dynamic alterations in body heat loss or gain, 57 our measurement of rectal temperature may not have been sensitive to small changes in body heat content. Nevertheless, we deem the measurement of rectal temperature acceptable for 2 reasons: i) Neither esophageal or rectal temperature meaningfully change prior to the initiation of thermoregulatory behavior using a similar experimental paradigm and subject population. 11 This is supported by the present study, whereby rectal temperature was slightly higher at C!W compared to W!C (Fig. 3) . And ii) changes in internal temperature were not the focus of the present study. Third, given that the accuracy of mean skin temperature measurements is generally improved as the number of measurement locations increases, 58,59 our 6 site mean skin temperature measurement may not have accurately portrayed the average temperature of the skin in our study. This is perhaps best highlighted in our fingertip temperature data in which the temperature of this extremity did not follow that of mean skin temperature (Table 2 and 3) . Thus, based on current recommendations, 58 future studies should utilize 10 or more skin measurement sites. Fourth, our baseline thermal conditions may have confounded our skin blood flow conclusions at C!W, owing to a potential basement effect associated with prevailing vasoconstrictor tone, as demonstrated in the relatively low skin blood flow values at the not clamped location (Table 2 and 3,  Fig. 7) . A potential influence of baseline vasoconstrictor tone cannot be discounted seeing as the cutaneous vasculature is tonically under vasoconstrictor control in humans. 60 However, these baseline conditions likely did not elicit maximal vasoconstriction and thus, were deemed acceptable given that: i) subjects deemed the environment as thermally comfortable (Table 3) , ii) the forearm to finger temperature gradient was minimal (Table 2 and 3), and iii) fingertip skin blood flow demonstrated a profile that was neither vasoconstricted nor vasodilated (Table 2 and 3) . However, future studies aiming to evaluate relationships between skin blood flow and thermal behavior should take into consideration the baseline thermal conditions and whether such conditions influence their conclusions. Fifth, behavioral thermoregulation exhibits circadian variations, 61 but we did not control for time of day. This was considered acceptable because all comparisons were within subject. However, it should be noted that the effects of time of day on the cardiovascular and skin blood flow responses leading up to and upon the decision to behaviorally thermoregulate remains unknown. Finally, the current study utilized both male and female subjects, and controlled for the menstrual cycle. We are underpowered to make formal comparisons between males and females. However, differences appear likely given that sex modulates autonomic temperature regulation 30 and thermal perception. 62, 63 Formal research is required to discern the effect of sex on behavioral temperature regulation and the cardiovascular and autonomic responses leading up to and upon the initiation of this behavior.
Perspectives
Cardiovascular health is particularly susceptible to hot and cold ambient temperatures. 2 Such deleterious health outcomes have been suggested to be driven by the cardiovascular adjustments that occur secondary to changes in body temperature. 5, 6 These adjustments can acutely increase cardiovascular risk, 4 particularly in populations with an already compromised cardiovascular system. The current study demonstrates the presence of meaningful cardiovascular and cutaneous vascular adjustments leading up to and upon the initiation of thermoregulatory behavior, despite that this behavior was elicited by relatively modest changes in skin temperature. Such findings further highlight the role that skin temperature plays in both autonomic and behavioral temperature regulation, [64] [65] [66] [67] and invites the study of behavioral thermoregulation in those populations at risk of cardiovascular morbidity and mortality during heat and cold events (e.g., older adults, heart failure patients, diabetics, etc. 68 ). Such studies should be considered of vital importance given the predicted increases in the frequency and severity of heat events and the persistence of periodic cold events in the coming decades. 1 
Conclusions
The present study demonstrates that the initiation of thermal behavior in young healthy adults is preceded by reductions in blood pressure in a warm environment and increases in blood pressure in a cool environment, despite that this behavior was initiated following relatively modest changes in skin temperature. These hypo-and hyper-tensive responses are likely driven by changes in vascular resistance that were not offset by changes in cardiac output. As a result, the decision to behaviorally thermoregulate in a cool environment was accompanied by an increase in stroke work, while in a warm environment there was minimal evidence of cardiovascular strain upon the initiation of this behavior. The present study has also identified that cutaneous vasomotor responses leading up to and upon the decision to initiate thermal behavior are largely reflex mediated. These data highlight the role of skin temperature in modulating both autonomic and behavioral temperature regulation in young healthy adults, and demonstrate the importance of understanding interactions between skin temperature and cardiovascular adjustments in healthy, diseased, and at risk populations.
Abbreviations C!W The decision to move from the cool to the warm room CVC Cutaneous vascular conductance PU Perfusion units W!C The decision to move from the warm to the cool room
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